Effects of water-emission anisotropy on
multispectral remote sensing at thermal
wavelengths of ocean temperature and of cirrus

clouds

J. Otterman, J. Susskind, G. Dalu, D. Kratz, and I. L. Goldberg

The assumption of blackbody emission (emissivity, 1.0) for a calm ocean surface can lead to significant
underestimates of the sea-surface temperature (SST) derived from IR radiometric data. Taking the
optical properties of the atmosphere as known, we calculate the errors stemming from the blackbody
assumption for cases of a purely absorbing or a purely scattering atmosphere. It is observed that for an
absorbing atmosphere the errors in SST are always reduced and are the same whether measurements are
made from space or at any level in the atmosphere. As for atmospheric scattering, the SST errors are
slightly reduced when one is viewing from large zenith angles but are slightly enhanced when one is
viewing from the zenith. The inferred optical thickness 7 of an absorbing layer can be in error under the
blackbody assumption by a At of 0.01-0.08, while the inferred optical thickness of a scattering layer can be
in error by a larger amount, At of 0.03-0.13. The error At depends only weakly on the actual optical
thickness and on the viewing angle, but it is rather sensitive to the wavelength of the measurement. In
the absence of steep slopes in the wave-slope distribution, directional emissivities are essentially
unchanged by sea state when one is viewing from or near the zenith. When one is viewing from
moderately large zenith angles (such as 50°), however, the departures in the directional emissivities from

blackbody emission can be much larger under perturbed sea state than under calm conditions.

1. Introduction

In this study we examine the effects of the anisotropy
of water emission on the remote sensing of two
important climate-related parameters: the determi-
nation of sea-surface temperature (SST) and the
long-wave characterization of cirrus clouds. Anisot-
ropy means nonunity emissivity (lower than 1.0) and
changing with the view direction.

Cirrus clouds, even though optically thin, are
thought to have a significant influence on the climate,
first by a reduction of the intake of the solar radiation
by the surface-atmosphere system and second by a
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blanketing effect in the thermal infrared, ie., a
partial replacement of the high-temperature emission
to space from the surface (and near surface) by their
own emission to space at their low temperature.
Because the short-wave effect of cirrus clouds induces
a cooling, whereas the long-wave effect alone induces
a warming, it is important to assess each effect
accurately to appropriately evaluate the net effect.
The long-wave blanketing effect depends on the opti-
cal thickness of the cloud layer, its scattering versus
absorbing characteristics, and its temperature.
These parameters have been derived by remote sens-
ing in the spectral window regions from nadir-
viewing instruments.-2

Satellites, with their synoptic coverage, can serve
as a highly important source of SST data, providing a
global supplement to the more accurate but spatially
inadequate ship reports.>® High accuracy is re-
quired for these measurements to be useful as cli-
matic data sets. For instance, the increase by 0.1°C
in global SST over a 6.5-yr period reported by Strong®
from satellite observations has been challenged as
probably spurious by Reynolds et al.,® who did not
observe such a change in the in situ measurements.
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The advanced very high resolution radiometer (AVHRR)
on the National Oceanographic and Atmospheric
Administration satellites supply the SST in cloud-
free areas with an accuracy of 0.7 K in midlatitudes
and a somewhat poorer accuracy in tropical regions,
where water vapor absorbs much of the surface-
emitted infrared radiation. The current require-
ment for global numerical climate models is specified
as 0.3 K10 Temperature mapping with an accuracy
lower than that required for a climate record can play
auseful role in observing climate-affecting SST anom-
alies.6:11

In SST retrieval and in the long-wave characteriza-
tion of cirrus clouds from multispectral measure-
ments, radiative transfer through the atmosphere is
calculated with high accuracy.’? The emission from
the ocean surface, however, is often considered sim-
ply as that of a blackbody. This is a questionable
assumption, because the emissivity at the nadir (where
the emissivity is largest) is by 1 to 5 percent lower
than unity (depending on the wavelength) and drops
to low fractions at the large-view zenith angles.13-16
The zenith-angle dependence has been ignored in the
inversion of satellite measurements even in the stud-
ies where the nonblackbody emissivity of water has
been addressed, such as in Susskind and Reuter.’
For a calm ocean this low emissivity (high reflec-
tance) near the horizon is so pronounced that in these
directions it is the emission of the atmosphere re-
flected from the water that is predominantly ob-
served, rather than the emission from the water.
Radiation temperatures measured at near-glancing
angles ‘may provide information about the effective
emissivity, and therefore about the sea state.!” Asa
source of information about SST, measurements at
these directions are essentially useless. We mention
these effects because they are somewhat relevant to
sea-state effects on measurements at a 50° zenith
angle, which we discuss in Appendix A.

The nature of the problem is discussed in Section 2.
In Section 3, a parameterization of calm-water spec-
tral emittances and reflectances is presented in a
formulation appropriate for atmospheric radiative
transfer calculations. The consequences of nonblack-
body emission are then assessed for the retrieval of
the SST and for the long-wave characterization of
optically thin clouds. The errors are computed in
the SST retrieved under the blackbody assumption
without an atmosphere, either below or above the
measuring radiometer, and also under a scattering or
absorbing atmosphere. Two cases of an absorbing
atmosphere are analyzed. In the case of absorption
by a high cirrus cloud the assigned temperature is 70
K lower than that of the surface, whereas in the case
of absorption by water vapor in the mixed layer the
temperature is equal to that of the surface.

At the long-wave wavelengths that we discuss,
atmospheric absorption strongly predominates over
scattering. In the case of cirrus clouds, however,
scattering is certainly significant. The single-scatter-
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ing albedo of large spherical ice particles and water
drops can exceed 0.8 in a range of wavelengths (see
Table 1 in Ref. 2). For these large particles the
phase function has a strong forward peak, for which
propagation without extinction can be assumed.
For small particles the single-scattering albedo is
much smaller, but the phase function is less aniso-
tropic. We analyze scattering effects separately from
the absorption effects. In the analysis of the SST
retrieval, i.e., in inverting our expressions for the
radiometer reading, perfect specification of the atmo-
sphere is assumed. The effects of imperfect informa-
tion about the atmosphere, especially about the water-
vapor absorption, deserve a separate study.

2. Nature of the Problem in Sea-Surface-Temperature
Retrieval and Cirrus Cloud Characterization

Two related problems of SST retrieval are discussed
here. Assuming that the signal B(T,,), where B
denotes the spectral Planck function and T, is the
measured temperature, is measured perfectly (a noise-
less radiometer), what are the errors in (a) the
inferred SST and (b) the optical thickness of the
atmosphere, caused by the assumption of blackbody
water emission? In discussing question (a) we as-
sume that the information about the atmospheric
profile is perfect, whereas concerning question (b) we
assume that the water temperature T, is known
exactly. Question (a) has been analyzed by Dalu!®
for zenith viewing in the 11-um split-window bands
of the AVHRR based on the emissivity and reflectance
model for these bands by Takashima and Takayama.1?
Our examination is in a broad range of wavelengths,
viewing from the zenith and from the zenith angle of
50°,

In this section simplified equations are presented
that sketch out how the radiation temperature read-
ing by a satelliteborne or aircraftborne radiometer
depends on the water temperature, its emissivity, and
the atmospheric properties. [These equations are
not used in the numerical analysis later; we discuss
remote sensing of the ocean temperature by applying
Egs. (16) and (18) in the case of absorbing atmosphere
and Egs. (25) and (26) in the case of scattering
atmosphere.] The radiometer spectral signal is rep-
resented by the atmosphere-surface system direc-
tional (monochromatic) emittance B(T,,) (Wm~=2 1),
where T, is the radiation temperature measured at a
given zenith angle and B is the spectral Planck
function for the wavelength of measurement. (The
equivalent concept in short-wave modeling, i.e., in
modeling reflectances at the solar wavelengths, is the
product of the directional spectral illumination and
the bidirectional reflectance factor). The monochro-
matic radiance (Wm~2 pm~! sr-1), defined as the sig-
nal measured from a unit horizontal target when the
temperature is absolute zero outside the target area,
is cos 8 B(T, )/, where 0 is the viewing zenith angle.
Integration of the radiances over a hemisphere (radi-
ance multiplied by the differential solid angle 2w



sin 6 d 8) produces the monochromatic flux (Wm~2
pm~1), which in our convention is represented by the
spectral Planck function B(T,,), where T,, is the
effective temperature measured over the hemisphere.

The spectral Planck function of the water tempera-
ture T, is B(T,), and U{1,) and D(7,) are the spectral
Planck functions of directional emittance from the
atmosphere in the upward and downward directions
respectively (at the zenith angle 6), as modified by
scattering within the atmosphere but excluding any
contribution from the surface emission, whether
transmitted through or scattered by the atmosphere.
These two Planck functions depend on the absorbing
(emitting) atmospheric optical thickness 7,, the tem-
perature and the vertical profile of the absorbers
(emitters), and on the zenith angle of viewing 6. We
explicitly indicate the dependence on 7, to stress that
U(r,) and D(r,) describe the emission from the
atmosphere.

Distinct components can be identified in B(T,,)
when viewing from within or above an atmosphere.
Some of the components are amplified by backscatter-
ing from below the atmosphere and surface reflection.
Only one backscattering from the atmosphere, fol-
lowed by a reflection from the surface, is considered.
The six components are as follows.

The first component is the fraction of the surface
signal €(0)B(T,) that penetrates directly through the
atmosphere (whether scattering or absorbing), where
€(8) is the directional emissivity. When #(8) desig-
nates the directional transmittance through the atmo-
sphere, this componant is €(0)B(T )¢(0).

The second component is the downward directional
emission from the atmosphere D(7,) (as modified by
scattering within the atmosphere, if any) at zenith
angle 0, which is first reflected in mirrorlike reflection
from the water with directional reflectance 1 — (0)
and then penetrates through the atmosphere. This
component is amplified by backscattering from the
atmosphere and water reflection; considering atmo-
spheric backscattering [with coefficient 5(6) from a
direction up to the same direction down| and a
surface reflection, we find that this component is
D(r,)[1 — €(0)]t(0){1 + [1 — €(6)]b(6)}.

The third component is the downward flux emitted
from the atmosphere Fy(t,) (as modified by scattering
within the atmosphere, if any) that is reflected from
the water with the hemispheric reflectance 1 — ¢,
(where ¢, is the hemispheric emissivity) and is then
scattered upward to the satellite, with scattering
coefficient (). Backscattering from the atmosphere
(with backscattering coefficient by, from hemisphere
up to hemisphere down) and subsequent reflection
from the water amplify this component by a factor
[1+ (1 —e€s)by], and thus this component is
F (1)1 = €3) flO)1 + (1 = ex)bs ).

The fourth component is the scattering upward by
the atmosphere of the surface-emitted flux €,B(T,),
where ¢, is the hemispheric emissivity; if f(0) is the
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directional scattering coefficient for the flux €,B(Ty),
this term is €,B(T)f(8). Note that the value of f(0)
depends on 6, the zenith angle at which the observed
radiance emerges from the top of the atmosphere;
f(8) also depends on the distribution of the directional
surface emissivity with the zenith angle [i.e., €, fis
the integral in the zenith angle 6 of cos 6 sin 6
€(0)f(8)]. Backscattering from the atmosphere with
backscattering coefficient b, (from hemisphere up to
hemisphere down) and a surface reflection amplify
this component; it is thus e,B(T;)f(6)[1 + (1 — e3)
by ).
The fifth component is the backscattering from the
atmosphere to a specific direction [with coefficient
b;(8) from the hemisphere up to one direction down]
of the surface-emitted flux, which after reflection
from water with reflectance 1 — €(0) penetrates
through the atmosphere. Without considering sec-
ond and higher backscattering from the atmosphere
and surface reflection, we find that this component is
& B(TJbu(0)[1 — c(O))6).

The sixth component is the upward directional
emission at zenith angle 6 solely by the atmosphere,
U(=,); for water temperature T, at absolute zero, we
would have U(v,) = B(T,).

The errors in retrieved temperatures are now
discussed in general terms; B(T,,) is differentiated
with respect to B(T,) and the surface emissivity, or
rather the emissivities, €(6) and ¢,. From the first,
fourth, and fifth components we obtain

=fle + e4(1 — )b ] + &uf [1 + (1 — )by );

(1)

from the first, second, and fifth components we
obtain

dB(T,,)
de

= B(T,){(1 — &by) — D(7,)f[1 + 2(1 — €)b];

(2)

and from the third, fourth, and fifth components we
obtain

dB(T,)
dﬁh

= B(T,)(f[1 + (1 — 2¢,)b,] + (1 — €)tby}

= Fy(t)f[1 + 2(1 — )by, (3)

where we omit 0 from e, ¢, f, b, and b,

The error AB(T,) in B(T;) resulting from the
emissivity errors, Ae in € and Ae,, in ¢, is specified by
this generally applicable relation:

dB(T,) . dB(T,) . dB(T.)

(Ts)m——Ae—de—— % e, (4)

Under the blackbody assumption the errors in the
emissivity are Ae = 1 — e and A¢;, = 1 — ¢,. Thus,
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specifying the derivatives from Egs. (1) and (2), we
see that Eq. (4) becomes
{t[E + Eh 1 - E)bh] + Ehf[]. + 1 - Gh)bh]}
— (1 = &){B(To)(1 — exbs) — D(r,)[1 + 2(1 — €)b]}
~ (1 = e[ fB(T,)1 + (1 — 2¢,)b3)
+ tB(T,)(1 = €)by, — FFa(1a)[1 + 2(1 = €,)B,]}.
(5)
Good insight into the problem can be gained most
easily by separately considering a case of a purely
absorbing atmosphere and a case of a purely scatter-
ing atmosphere (we adopt the same approach in the

numerical discussion in later sections). In the ab-
sorbing-atmosphere case, Eq. (5) applies with f =

b, =b,=b=0. Theerror, denoted by A,, is
B(T,) - D(x,
ABT) = (1 - 22D

€

where the directional transmittance ¢ has canceled
out and thus does not influence the error. This
conclusion would be quite inappropriate in the case of
anoisy, i.e., real radiometer, inasmuch as the surface-
signal component etB(T,) is proportional to £ a
smaller ¢ means a reduced signal-to-noise ratio. The
error is proportional to (1 —€)/e¢, and the hemi-
spheric reflectance 1 — ¢, plays no role. Further-
more, it is observed that with a larger downward
atmospheric emission D(r,) the underestimate A,B(T)
becomes smaller. D(r,) increases for a larger atmo-
spheric optical thickness 7, and a higher atmospheric
temperature. Because ¢ canceled out, Eq. (6) applies
to satellite measurements as well to aircraft measure-
ments at any level within the atmosphere. This
application will include low-level flights for which ¢ =
1.0.

In the pure scattering case we have D(r,) =
Fy(7;) = U(r,) = 0.0. The error, denoted by A,, is

In Egs. (6) and (7) above, retrieval errors under a
purely absorbing or a purely scattering atmosphere
are respectively formulated. The scattering—absorp-
tion cross products are thus omitted from the discus-
sion. These terms carry a positive sign, i.e., the
scattering—absorption cross effects tend to reduce the
underestimate of the water temperature.

3. Characterization of Calm-Water Emission

Information about water emissivity has been sur-
veyed and collected by Sidran.’® A useful tabulation
of water spectral reflectances is given by Bramson!4
for nine zenith angles (from 6 = 0° to 8 = 80°) in the
spectral range from 9.2 to 15 pm. The directional
reflectance 1 — ¢(6) for 6 = 0° and 6 = 50° from
Bramson’s Table 196 is presented in Fig. 1A. We
note that the reflectance at 50° is nearly twice that at
0°, and that from 11 wm to 15 pm there is an increase
in the reflectance with the wavelength by a factor of 5.

In computing the radiances measured from the
satellite for the case of a scattering layer (i.e., when
single-scattering albedo w, is not zero), we find that
the hemispheric reflectance 1 — ¢, is involved in

addition to the directional reflectance 1 — ¢(8). The
hemispheric reflectance is
l-¢=1-27 J;ﬂ/z cos 0 sin 6¢(0)d0/m
=1-2 [} peludp, ®)

where p. = cos 6.

Alongside the two directional reflectances, in Fig.
1A we plot the hemispheric reflectance 1 — ¢, com-
puted from Bramson’s tabulation. The hemispheric
emissivity e is computed by the formula

80° _, 80°
€ = (2 cos 0 sin 9) 2 cos 0 sin 0¢(6), (9)
10

where €(8) takes Bramson’s! values for the eight
zenith angles from 10° to 80°.

(A-ef1+01

- 2€h)bh] +

(1-e)f[1+(1- 2€h)l7h]_

t[e + Eh(l - G)bh] + Eh]?[l + (1 - Eh)gh]

(7)

It should be noted that both ¢ and fare retained in the
expression for the error, and that the hemispheric
reflectance 1 — ¢, appears alongside the directional
reflectance 1 — e. With increasing optical thickness
between the surface and the radiometer, ¢ decreases
while f can increase, and thus the errors in the
measurements within the atmosphere generally will
be quite different than in the measurements from
space, and these errors will depend on the altitude of
the aircraft.
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For our atmospheric radiative transfer calcula-
tions, we find it appropriate to represent the direc-
tional emissivity as a function of the zenith angle by a
simple exponential expression:

&(n) = c exp(—m/p.). (10)

The coefficients ¢ and m, obtained by fitting the
directional emissivity e, to Bramson’s data at § = 0°
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Fig. 1. A Spectral reflectances versus wavelength, directional
reflectances 1 — ¢(0°) and 1 — €(50°) from Bramson’s tabulation,!4
and hemispheric reflectance 1 — ¢, fitted to Bramson’s data. B
Coefficients ¢ — 1 and m in the approximate representation of the
spectral directional emissivity.

and to the hemispheric emissivity €, as computed by
Eq. (9) are plotted versus wavelength in Fig. 1B.

4. Sea-Surface-Temperature Retrieval Without
Atmosphere

Assuming no atmospheric emission, absorption, or
scattering, we find that the temperature T,,(0) re-
motely measured at a zenith angle 6 is

Tm(e) = B_l[e(e)B(Ts)]’ (11)

where B! denotes the inverse of the Planck Function
for the wavelength of the measurement and T is the
water temperature. Ife(6) =1.0,7,,(0)=T,. Inthe
case of an anisotropic surface emission, the blackbody
assumption (under which 7 is equated to T),) leads to
an error AT, in the SST retrieval given by the
expression

AT, =T,(0) - T, = B_l[e(e)B(Ts)] - T, (12)

The error AT,, which is obviously always negative
because €(0) is always less than 1.0, is plotted for two
viewing directions, 6 = 0°in Fig. 2A and 6 = 50° in Fig.
3A, for surface temperature T, = 300 K in each case.
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Tm - Ts

Tm - Ts

8 9 10 11 12 13 14 15
Wavelength (xm)

Fig. 2. Temperature differences versus wavelength T, — T,

when T, is measured from the zenith: A without an atmosphere

and over an absorbing layer 1, T, = 230 K; B as in Fig. 2A, but T, is
equal to SST, T, = 300 K; C over a scattering layer 7;.

The error in the SST retrieval can be assessed with
satisfactory accuracy by a much simpler expression,
as discussed by Kornfield and Susskind.?? In the 8-
to 15-um region, the Planck function for the emission
from the ocean with the temperature T of ~300 K
can be approximated by Wien’s law, ¢;\ 5 exp(—cy/
AT,), where ¢; is the first radiation constant, ¢, is the
second radiation constant, and \ is the wavelength of
the measurement (see, e.g., Ref. 21). If the Planck
function of the measured temperature B(T),) is given
as ec;\ 75 exp(—cy/ATs), the errors Ae in the direc-
tional emissivity and AT in the inferred temperature
are related by the equation AT,[dB(T,)/dT;] =
—Ae[dB(T,,)/de]. From this differentiation we ob-
tain

AT, = — (1 — €)e \T2c,7L, (13)

where ¢, = 14,388 um K, because the blackbody
assumption constitutes an emissivity error of 1 — .
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Fig. 3. Temperature differences T, — T as in Fig. 2 but with 7',
measured at 6 = 50°.

This relation gives the impression that the error
linearly depends on the wavelength A. Actually, the
error primarily depends on the emissivity, which
changes sharply with the wavelength. The depen-
dence on the surface temperature T, is not significant
inasmuch as water temperatures would generally be
in a narrow range.

5. Inferring Sea-Surface Temperature and Optical
Thickness of an Atmospheric Layer in the Case of
Atmospheric Absorption

In the case of atmospheric absorption, we consider
the radiation temperature T, [the cosine p of zenith
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angle 6 is omitted from T',(p.) for the sake of simplici-
ty] measured above a purely absorbing layer, charac-
terized by a vertical optical thickness 1, and a temper-
ature T,. The ocean surface temperature is T and
its emission anisotropy is as tabulated by Bramson.14
The temperature measurements can be most conve-
niently expressed by the Planck function B(T,,) of the
radiation temperature T, observed above the layer.
A measurement at a zenith angle 6 involves three
components: (a) the emission from the surface that
penetrates through the layer, €(8)B(T,)exp(—15/p),
(b) the emission from the absorbing layer
B(T,)[1 — exp(—1,/p1)], and (c) the component
(1~ e(w)]B(T)[1 — exp(—75/u)]exp(—Ts/ ) caused by
downward emission from the layer, reflection from
the surface, and transmission through the layer,
where €(p) is the directional emissivity. We assume
a mirror reflection at the water surface, with reflec-
tance 1 — e(p). We have

B(T,,) = €(p)B(T;)exp(—7/1)
+ B(T,)[1 — exp(—s/p)]
X {1+ [1 - e(w)exp(—7/p)}.  (14)

We compute the temperatures T, by assuming T, =
300 K. The temperature differences T,, — T, ob-
served from the zenith, & = 0°, are presented for two
atmospheric temperatures, T, = 230 K and T, = 300
K (i.e., equal to the water temperature) in Figs. 2A
and 2B, respectively, for four values of T, (0.0, 0.1,
0.2, and 0.4). The corresponding T,, — T tempera-
ture differences observed at 6 = 50° are presented in
Figs. 3A and 3B. The emissivity €(j) in these two
directions is specified in our calculations as given by
Bramson (plotted versus wavelength in Fig. 1A).
In the case T, = 230 K, the observed temperatures T,,
are much lower (by as much as 24 K) than the surface
temperature T;. In this case the T',, — T differences
increase (in the absolute value) with increasing opti-
cal thickness 7, In the case T, = 300 K, which
pertains to water-vapor absorption in the low mixed
layer, these T, — T differences are much smaller (by
a factor of ~5) and decrease with increasing 7,. As
we can anticipate from the emissivity data presented
in Fig. 1A, the T, — T, differences show a significant
variation with the wavelength. The differences are
larger when T, is observed at § = 50°. The differen-
tiation of B(T,,) given by Eq. (14) with respect to T,
establishes for what B(T,)/B(T;) ratios T,, increases
(i.e., the T,, — T difference decreases in magnitude)
with increasing optical thickness 7,. The inequality

2(1 —¢)

B(T,)|1 + exp(—,/n)| > B(T,) (15)

spells out this condition, which applies to any view
direction.

Inverting Eq. (14), we obtain an expression for the
water temperature T, inferred from the measured



temperature T',:

T. — B-1 [eXP(Tb/M)
<(e)
= {1+ [1 = e(p)lexp(—7,/w)}

X B(Tc)[l - eXp(—’Tb/}.L)])], (16)

where T, stands for the inferred temperature ac-
counting for the nonunity emission.

Under the assumption of a blackbody surface emis-
sion, there is no component caused by downward
emission from the layer, reflection from the surface,
and transmission through the layer. The measured
temperature T), is expressed by an equation simpler
than Eq. (14):

B(T,,) = B(Tgp)exp(—7s/1)
+ B(T.)[1 — exp(—m/p)], (17)

where the water temperature is denoted as Ty,
Inversion of this equation for Ty, yields

Taw = B~ Hexp(r,/w)B(T) — B(T,)]
X [1 — exp(—m/W]}. (18)

With the atmosphere accurately specified, i.e., with
the optical thickness 7, and cloud temperature T,
known exactly, the measured T, when applying Eq.
(16) provides exact information about the water
temperature, T, = T;. Under the blackbody assump-
tion the water temperature retrieval will be computed
by Eq. (18) and thus will be in error by AT = T4, — T
[T, in Eq. (18) is specified by the value of T in Eq.
(14)]. For 6 = 0 this difference is plotted for four
values of optical thickness 7, in Figs. 4A and 4B, for
temperatures T, of 230 and 300 K, respectively. We
note a reduction in the errors compared with the
no-atmosphere case, 7, = 0. The error reduction is
hardly significant in the cirrus cloud case, T, = 230 K,
but the reduction is by a factor of ~1/3 (if 7, = 0.4)in
the mixed-layer water-vapor case, T, = 300 K. The
error always becomes smaller for a larger optical
thickness. The same pattern appears for viewing at
6 = 50°, shown in Figs. 5A and 5B for T, = 230 K and
T. = 300 K, respectively, but the errors are much
larger than at 6 = 0°.

If Eq. (17) is assumed to be valid and is applied to
the inference of the vertical optical thickness of the
layer based on the exact information concerning the
water temperature T, this inferred optical thickness
Tinr 18 given by the logarithmic expression

B(Ts) - B(Tc)
Tt = kI Bom VBT

(B(T)

(19)

The differences A1, = Tjnr — T, i.€., the errors in
inferring 1, under the blackbody assumption, are
plotted for the cirrus cloud case, T, = 230 K, in Fig.
6A for viewing from the zenith and in Fig. 7A for

Tsbb - Ts

Tsbp - Ts

Tsbb - Ts

Wavelength (um)
Fig. 4. Errors AT; = Ty — T in the SST retrieval under the
blackbody assumption viewing from the zenith: A without an
atmosphere and over an absorbing layer 7, T, = 230 K; B as in Fig.
4A but with T, equal to the water temperature, T, = 300 K; C over
a scattering layer ;.

viewing at zenith angle 6 = 50°. Note that AT, is
approximately the same for all four values of 7,: A,
is smallest, approximately 0.01, at 11 pm and in-
creases to a range of 0.06-0.08 above 14 um. The
error Ar, is approximately the same (only slightly
larger) at 6 = 50° (Fig. 7TA) as at = 0° (Fig. 6A). The
error Ar, increases steeply from 11 to 14 pm, by
~0.05. This may be a significant difference when
the variation with wavelength of the inferred optical
thickness is used to assess the cloud particle-size
distribution. For a mixed-layer water-vapor case,
T, = T, T, diverges according to Eq. (19), suggesting
that the optical thickness of a near-surface layer is
essentially indeterminate. The implication is that
inferring the amounts of near-surface water vapor is
impossible without appropriate information concern-
ing the emissivity of the surface. The availability of
this information does not necessarily mean that a
satisfactory determination of water vapor is feasible,
because of the many uncertainties involved in the
inversion.
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Fig.5. Errors AT, = Ty, — T, in the SST retrieval as in Fig. 4 but
for viewing from 6 = 50°.

6. Inferring Sea-Surface Temperature and Optical
Thickness of an Atmospheric Layer in the Case of
Atmospheric Scattering

We now consider measurements when the water
surface is overlaid by a scattering layer. In contrast
to Section 5, here water emissivities at all zenith
angles influence the measurement at a single zenith
angle 6. The directional emissivity €(8) of the sur-
face is specified here by a simple exponential in p, Eq.
(10), €(8) = €,(8) = c exp(—m/u). Our approxima-
tion, which greatly simplifies the radiative transfer
through the atmosphere, cannot provide a satisfac-

7640

APPLIED OPTICS / Vol. 31, No. 36 / 20 December 1992

0.08

0.06

Tinf - Tb

0.04

0.02

Tinf = Tb

0.05 -

0.00 PR W RSN S SN | — 1
8 9 10 11 12 13 14 15

Wavelength (um)
Fig. 6. Error in the inferred optical thickness under the black-
body assumption, viewing from the zenith: A error Ar, in the
cirrus cloud-absorbing optical thickness, T, = 230 K; B error A7, in
the scattering optical thickness.

tory fit for all zenith angles. The approximate direc-
tional emissivity €, with the computed coefficients ¢
and m do not provide a good fit when 6 is 70° or 80°.
The direct contribution from the surface to the
measurement B(T,,) is thus c exp(—m/w)B(T,)
exp(—T/), where 7, is the scattering optical thick-
ness of the layer. The indirect contribution comes
from scattering in the 7, layer illuminated by the flux
from the surface. The upward-scattered contribu-
tion to the observation B(T',) measured from space at
the zenith resulting from this illumination by the
layer is denoted as B, (where sc stands for scattering
cloud). This illumination is assumed to increase
with the optical path length 7,/p. along an inclined
direction as 1 — exp(—7;/p), and the emerging radi-
ances are assumed to be the same at the top and
bottom of the layer. These assumptions are accu-
rate for an optically thin layer when scattering is by
molecules and particles that are small relative to the
wavelength.?? Downward-scattered radiance also
contributes to the satellite-received signal by reflec-
tion from the water, where mirror reflection 1 —
€(n) = 1 — c exp(—m/p) is assumed, and subsequent
penetration through the scattering layer, specified by
exp(—7,/p). Thus the satellite-received signal is given



by

B(Tm) =c exp(—m/p,)B(Ts)exp( _Ts/p')
+ Bsc[1 - exp(—*rs/p,)]
X {1+[1—cexp(-m/p)lexp(—7,/n)}. (20)

Equation (20) will specify B(T',) for our analysis after
B, is expressed in terms of B(T,) and ;.

The primary illumination by the surface is the
intercepted fraction of the surface emission, and thus
the spectral flux ¢, scattered from both sides of a
layer with optical thickness 7 is

bo=2meB(T,) [" wexp(—m/w)[L - exp(~7,/w)ldu/m
= 2CB(Ts)[E3(m) - ES(m + Ts)]’ (21)

where E; is the exponential integral Ejs(x) =
Jop exp(—x/pdp.

There is an additional illumination of the scatter-
ing layer resulting from downward scattering, which
is specified by B[1 — exp(—1,/W)], a reflection from
the water, which is specified by 1 — ¢ exp(—m /), and
scattering in the layer of the surface reflection, which
is specified by [1 — exp(—7,/1)]. Thus the secondary
illumination A¢ from the first reflection is

Ad = 2B,

X fol [l — exp(—7,/p) 1 — c exp(—m/p)ldpn
= Bsc{l + 2[E3(21-s) - CEB(m)
— 2E4(1,) — cE5(21, + m) + 2¢Es(t, + m)]}

where in the last expression X E; stands for the five
exponential functions E; above (in braces).
The total emerging flux scattered (both above and
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Wavelength (xm)

Fig. 7. Error in the inferred optical thickness as in Fig. 6 but with
viewing from 0 = 50°.

From Eq. (23), expressing ¢, by Eq. (21) and Ad by
Eq. (22), we obtain B, in terms of B(T) and 7:

+

= B, (1 + 23E,), (22)
_ 2CB(TS)[E3(m) - E3(m + Ts)
©= T 1-dByr)-25E, 24
With B, expressed by Eq. (24), Eq. (20) becomes
B(Tm) = CB(TS)(eXp[_(m + Ts)/“‘]
2[E3(m) — Eg(m + 7,)][1 — exp(—7,/p)){1 + [1 = c exp(-m/p)lexp(—7,/ p«)}) _ 95
1= 4Ey(r,) — 25K, (25)

below) is denoted by &, i.e., d = g + Ad. Integrat-
ing the radiances B[l — exp(—7,/n)] over the two
hemispheres at the top and the bottom of the layer
adds up to . Thus B, can be evaluated in terms of
the flux ¢:

0.5¢ = 0.5(dbg + Ad)
= 2B, [ ul1 — exp(~r,/p)ldp
= Bsc[l - 2E3(TS)]' (23)

The temperature differences T, — T, with T, = 300
K, are plotted for the no-atmosphere case and for
three values of 1, in Fig. 2C for 6 = 0° and in Fig. 3C
for 8 = 50°. These differences are smaller in magni-
tude than in the case of emission or absorption by a
cirrus cloud, T, = 230 K, plotted in Figs. 2A and 3A,
but are much larger than in the case of emission or
absorption in the mixed layer, T, = 300 K, plotted in
Figs. 3B and 3C. The differences always increase in
magnitude with the increasing optical thickness ;.
The surface temperature T, under the blackbody
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assumption is obtained by the inversion of Eq. (25)
withm = 0 and ¢ = 1.0; thus

stb = -I{B(Tm)z[l + exp(_Ts/lL)]_l}' (24)

With B(T,,) specified by Eq. (25), the errors Ty — T
in the water temperature retrieved under the black-
body assumption are calculated and plotted in Fig. 4C
for viewing from the zenith and in Fig. 5C for viewing
from 6 = 50°. We note that for 8 = 0°, Fig. 4C, the
underestimate Ty, — T, slightly increases with in-
creasing optical thickness 7, whereas for 6 = 50°, Fig.
5C, it slightly decreases.

To understand these rather complicated relation-
ships, we are reminded [see Eqgs. (4) and (5)] that the
underestimates of the SST under the blackbody
assumption stem from two distinct sources: (a)
nonemission from the water surface along the direc-
tion of the measurement, proportional to 1 — ¢(8),
which results in the incorrect assessment of the
radiance from the surface at zenith angle 0, part of
which is transmitted directly (coefficient of transmis-
sion ¢) to the instrument, and (b) nonemission into the
hemisphere, proportional to 1 — ¢, which corre-
sponds to the incorrect assessment of the flux emitted
by the surface, which is then scattered upward in the
direction of the instrument (scattering coefficient f).
Error (b), of course, does not apply in the case of a
purely absorbing atmosphere. In measurements
from the zenith, error (a) is rather small inasmuch as
€(0°) is close to 1.0. The hemispheric nonemission,
the hemispheric reflectance 1 — ¢, is significantly
higher than the directional nonemission, the reflec-
tance 1 — ¢(6). Thus error (b), which increases with
increasing optical thickness, predominates, and the
overall underestimate Ty, — T’ increases with increas-
ing optical thickness. However, for measurements
at the zenith angle of 50°, error (a) is significant,
inasmuch as €(50°) departs significantly from 1.0, and
the overall underestimate T, — T, decreases with
increasing optical thickness.

Under the blackbody assumption the scattering
optical thickness 7, is inferred from the measured T,
and the specified T, applying the equation

2B(T))
Tinf = T hl['m - 1}

Equation (27) is a restatement of Eq. (26), where T
replaces Ty,,. The errors 7y, — 7, are plotted in Fig.
6B when viewing from the zenith and in Fig. 7B when
viewing from 6 = 50°, for four values of 7, in each case.
The errors around 11 pm increase only slightly with
the optical thickness 7,, They are smallest, 0.02—
0.03 for 8 = 0 and 0.03-0.04 for 8 = 50°, and largest
above 14 um, up to 0.15.

(25)

7. Discussion and Conclusions

The aim of this study was to gain an understanding of
how anisotropic emission of a water body affects
remotely sensed long-wave data. To examine this
problem, we present a formulation of water emission
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from a calm body for a facile computation of radiative
transfer in the atmosphere. With the emissivity
specified by the exponential function ¢ exp(—m/u) of
the zenith-angle cosine, the radiative transfer compu-
tations are expressed in terms of the exponential
integral E3 and thus are relatively simple. The
analysis indicates that the blackbody assumption
leads to appreciable errors in the retrieved SST and in
the inferred optical thickness of a cloud layer.

The underestimates in the inferred SST range from
0.5 (at 11 pm, viewing from the zenith) to 5 K or
more. The underestimates are much larger at the
viewing zenith angle of 50° than at the zenith and
depend on the wavelength of measurement, increas-
ing steeply from the 10- to 12-um spectral interval to
the 12- to 14-um interval. This theoretical assess-
ment applies in the absence of atmosphere. Actual
retrieval errors, whether the instrument is above or
within the atmosphere, can be significantly smaller.

The errors in the SST retrieval and in the cirrus
cloud characterization stem from the void caused by
less-than-unity emission from the surface, i.e., partial
nonemission for a given temperature. The reflec-
tion from the water of the atmospheric component,
whether stemming from atmospheric emission or
from backscattering, tends to fill in this void of the
nonunity emission. The error reduction depends on
the characteristics of the atmosphere: the absorb-
ing versus the scattering properties, the optical thick-
ness, and the temperature of the emission. An
absorbing atmosphere always reduces the errors,
increasingly so with a larger optical thickness and a
higher temperature. The errors in the measure-
ments from space and at any level within the atmo-
sphere are the same. When viewing above it, a
scattering layer slightly reduces the errors at large-
view zenith angles, but slightly increases them at the
zenith. In a retrieval from aircraft data obtained
within the scattering layer, the errors are not the
same as in measurements from space.

The aim of the near-future satellite programs is to
derive the SST with an accuracy of 0.1 K. Our
results force the conclusion that the nonunity emissiv-
ity of water has to be incorporated in the inversion.
Inaccurate assessment of the actual emissivity may
cause particularly significant problems at wave-
lengths above 12 pm, where the departures from the
blackbody are strong. The uncertainties in defining
atmospheric absorption and scattering coefficients
introduce additional errors. These are not analyzed
here and are left for a planned future study.

The inference of the optical thickness of an absorb-
ing layer under the blackbody assumption can be in
error by At of 0.01 to 0.08 (in the estimated optical
thickness). The error At is not a sensitive function
of the actual optical thickness or of the view direction,
but it does depend steeply on the wavelength of the
measurement. Larger errors, by a factor of 2 at
least, can be expected in inferring the optical thick-
ness of a scattering layer. Because the index of
refraction of water in the 8- to 15-pm interval



changes significantly with the wavelength, it is espe-
cially important to address the actual anisotropy of
emission when characterizing the size distribution of
cloud particles on the basis of the inferred spectral
dependence of the optical thickness.

The above analysis was presented as being applica-
ble to a flat surface, i.e., a calm-water body. Water
emissivities and reflectances can be appreciably differ-
ent for a stormy sea. The sea state produces a
wind-dependent distribution of slopes, as analyzed
from Sun glitter by Cox and Munk.23-25 For a wind
speed of 10 m/s, they report an effective slope of 13.1°.
The emissivity at a given viewing zenith angle 6 to the
surface then becomes an effective average of emissivi-
ties at zenith angles to a slope normal that are both
smaller and larger than 6. For zenith viewing, such
averaging involves look directions only at larger
zenith angles, i.e., with lower emissivities. The re-
duction of emissivity to the zenith by this averaging is
essentially insignificant, because for a fairly large
cone around the perpendicular viewing the emissivi-
ties decrease slowly with the zenith angle. At the
other extreme, viewing just under the horizon, aver-
aging involves look directions predominantly with
larger emissivities (than the emissivity at the zenith
angle 0 to a horizontal surface).

One must consider surface-emitted and subse-
quently surface-reflected (from an adjoining slope)
photons as another aspect of the sea state. These
surface-emitted, surface-reflected (SESR) photons
from a structured sea surface contribute to an en-
hanced effective emissivity. Examining the situa-
tion when a slope at the extreme inclination o, faces a
slope also inclined at o, but with normal in the
opposite quadrant, we observe that the SESR pho-
tons are all reflected at zenith angles larger than
90° — 3a,. The SESR photons therefore do not
contribute to the emissivity near the zenith unless o,
approaches 30°.

Based on the points brought up in the previous two
paragraphs (that the emissivity decreases slowly de-
parting from perpendicular viewing and that SESR
photons are not directed to near the zenith) and on
our simplified calculations (presented in Appendix A),
assuming that there are no steep slopes in the
distribution of wave-slope inclinations, we conclude
that emissivities (reflectances) are essentially un-
changed by the sea state when viewing near the
zenith, as determined by Masuda et al.?6 The errors
stemming from the blackbody assumption in the SST
measurements from the zenith and near zenith under
an absorbing atmosphere are therefore the same for a
calm sea as well as under sea-state conditions. The
underestimates that we evaluate should be compared
with the negative bias of 0.3 to 0.4 K in the tempera-
tures derived from satellite measurements versus
ship data, found by McClain et al.® when there is no
tuning in the retrieval.

At intermediate zenith angles the sea-state effects
on emissivity are somewhat uncertain, inasmuch as
the effects can depend on the details of slope distribu-
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tions. The measurement of sea state from the same
satellite, such as that available on European Space
Agency ERS 1, is a distinct advantage. With increas-
ing viewing zenith angle 6, the averaging of the
emissivities over a cone of inclinations to the slopes
(which range from 6 — o, to 6 + o) produces an
appreciable reduction in the emissivity, as found by
Masuda et al.?6 and as established by a simplified
calculation in Appendix A for 6 = 50°. An important
point to consider is that sea state produces an even
steeper increase in the reflection (reduction in the
effective emissivity) when the incident radiation orig-
inates from an optically thin absorbing layer. In the
case of such a thin layer, the water emissivity at 6 -+ o,
is weighted much more heavily in computing the
effective emissivity than that at 6 — «,. This point
suggests that great care must be exercised when
choosing the emissivity in radiative transfer calcula-
tions. The findings of Saunders?’ that the average
infrared-window radiance for oblique viewing in-
creases with roughness is not inconsistent with our
results: The measured radiances (in Woods Hole,
Mass.) under rough conditions include enhanced con-
tributions of the atmospheric emission (at long paths
through near-surface layers). For 6 above 50°, the
SESR photons can be expected to start contributing
significantly to the emissivity. At these intermedi-
ate values of 8, there is thus a crossover of the
sea-state effect from emissivity reduction to its en-
hancement. At large zenith angles the directional
emissivities are increased steeply by sea state.!”

Sea-spray effects on the emissivity under stormy
conditions may produce some muting of the zenith-
angle dependence. Water-vapor continuum emis-
sion at near-surface levels, which is quite strong over
a wide range of wavelengths,?® mitigates the effects of
nonblackbody water emission. In view of the ambi-
tious programs of multidirectional and multispectral
space observations planned for the near future, fur-
ther studies of these problems are warranted.

Appendix A

Oceans are seldom so calm that the water surface can
be regarded as flat, as a horizontal plane. Our
calculations based on Bramson’s emissivity data can
be directly applicable in situations fairly common
over lakes, but rather rare over the seas. Under
stormy conditions, the water surface has a distribu-
tion of slopes. Steeper slopes become more impor-
tant with increasing wind speed and fetch. For a
wind speed of 10 m/s, Cox and Munk?*-25 reported
that the effective slope is 13.1°. In the distribution,
slopes steeper than that are obviously encountered
with decreasing probability. In these situations of
slope distributions, directional emissivity from the
surface has to be calculated over a distribution of the
view zenith angles to the different slopes, all of which
contribute to the radiance emitted along the specified
direction.

In their analysis of the problem, Masuda et al.2¢
computed the ocean emissivities viewing from differ-
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ent directions, under various sea-state conditions.
Their detailed research involved integration over
distribution of slopes, as formulated by Cox and
Munk.?’> To gain further insight into this compli-
cated problem, we present a simplified, possibly sim-
plistic, scheme for assessing the emission and reflec-
tion under sea-state conditions. We apply the scheme
to discuss the effective reflection in two advanced
infrared scanner (AIRS) spectral bands.

For the water surface under 10 m/s wind with an
effective slope (for Sun-glitter reflection) of 13.1°, we
assume that only slopes at an inclination of « = 13.1°
exist in the distribution. Inasmuch as there are no
slopes larger than 13.1°, simple considerations (see
Fig. 8A) establish that photons emitted from one
slope and reflected by mirror reflection from another
slope leave the surface at zenith angles larger than
90° — 3 - 13.1° = 50.7°. Thus these SESR photons
contribute to the directional surface emissivity ()
only when viewing at zenith angles 8 > 50.7°. SESR
photons enhance the hemispheric emissivity, but we
do not analyze these effects. Our calculations pre-
sented below (of reflection from an absorbing atmo-
sphere) will apply only to directions within the verti-
cal cone § < 50.7°.

We consider the geometry involved in the emission
or reflection from the sloping waves in Fig. 8. The
slopes are represented as planar facets, perpendicular
to the plane of this figure. Inasmuch as the emission

(5.).
Fig. 8. Geometry of emission and reflection under sea-state
conditions.

7644 APPLIED OPTICS / Vol. 31, No. 36 / 20 December 1992

at a zenith angle 6 accrues at inclinations to a facet of
8 * «, the emissivity e; under sea-state conditions at
zenith angle 6 is specified as

€(50°)B(T)
[cos(B + a)e(d + o) + cos(d — a)e(d — o))

- cos(0 + a) + cos(6 — a) B(T).

(A1)

The plus applies when the emitted radiance and the
facet normal are in the same quadrant. The zenith
angle 6 — « applies (instead of the angle 6 + «) when
the facet normal lies in the quadrant other than the
direction of emission as shown in Fig. 8.

For emission to the zenith, the extreme zenith
angle to the facet normal equals the inclination of the
facet, i.e., 13.1°. Inasmuch as the emissivity de-
creases only slowly with the zenith angle around the
zenith, we can easily conclude that sea state affects
the emissivity to the zenith in a negligible way. For
emission at a zenith angle of 50°, shown in Fig. 8B on
the right, the extreme zenith angles to a facet are
50° = 13.1° i.e., 36.9° and 63.1°. Inasmuch as the
emissivity begins to drop steeply at a zenith angle of
~50° the average of the emissivities at 36.9° and
63.1° will be significantly smaller than the emissivity
at 50° (which is the only zenith angle to consider
under calm conditions). This phenomenon forces us
to conclude that sea state does reduce the emissivity
in the direction § = 50°, and that a more detailed
examination is warranted.

We evaluate €;(0°) and ¢;(50°) for the sea state
corresponding to a wind speed of 10 m/s~! in two
spectral bands of the AIRS, 10.9 and 13 pm, using in
Eq. (Al) a multiterm fit to €(8) as specified by
Bramson.* The calculated reflectances 1 — ¢; are
presented in Table 1. We note that €,(0°) is essen-
tially the same as €(0°) (lower by less than 1 part in
10%). As we discussed, this similarity was to be
expected inasmuch as the emissivity €(6) decreases
slowly with 6 in this region. However, ¢,(50°) is
significantly lower than €(50°). An opposite situa-
tion arises at very large zenith angles just under the
horizon (85°-90°), when in the averaging, emissivities

Table 1. Directional Reflectances 1 — ¢(0), Directional Reflectances
1 — €/(0), and Conical-To-Directional Reflectances p, for the Same Sea
State as a Function of Optical Thickness of the Atmospheric Layer 7,

A =10.9 pm A=13.0 pm
0 0° 50° 0° 50°
1 - ¢(8) 0.00699  0.01448  0.03030  0.04962
1 — ¢(0) 0.00700  0.02075  0.03030  0.05992
pi(ts = 0.05)  0.00700  0.03124  0.03030  0.08132
pilm = 0.1) 0.00700  0.03069  0.03030  0.08020
pi(ms = 0.2) 0.00700  0.02962  0.03030  0.07802
pi(s = 0.3) 0.00700  0.02863  0.03030  0.07599

°Reflectances 1 — €(0) are as tabulated in Ref. 14; reflectances
1 — €(8) are computed for the sea state corresponding to 10 m/s
wind; conical-to-directional reflectances p; for the same sea state.
All reflectances are for viewing zenith angles 0 of 0° or 50°.



higher than that in the view direction are predomi-
nantly encountered. Thus a decreased emissivity
under the sea state conditions at 8 = 50° that we
report, which is in agreement with the more accurate
calculations of Masuda et al.,26 is not inconsistent
with the increased emissivity for a stormy sea ob-
served and discussed by Ben-Shalom et al.l” At
zenith angles larger than 50.7° the SESR photons
contribute to an enhanced emissivity ;. Thus 50°is
approximately the limiting (largest) zenith angle for
which our simple formulation of ¢;, in which the
contribution of SESR photons is disregarded, applies.

The above conclusion can be reached solely from
reflectance comparisons, whatever the emission down-
ward from the atmosphere is. Isotropic (zenith-
angle-independent) emission should not be assumed
in our study, inasmuch as we are concerned with
measurements in the atmospheric windows, which
implies a low optical thickness. In analyzing the
reflected radiance it behooves us to examine the
products of the down radiance and associated reflec-
tance. For emission with an absorbing optical thick-
ness of, e.g., 0.1, the down radiance will be propor-

The facet reflection of radiance emitted downward
by an absorbing layer characterized by T, and 71 is
specified as

B(T,){1 — exp[—7,/cos(8 + 2a)]}
X cos(8 + o)[1 — €0 + )],

where 8 — 2a and 6 — o should be substituted when
the facet normal is in a different quadrant than the
reflection direction. This situation, that the radi-
ance reflected to a given direction depends on the
distribution of the incoming radiation (i.e., depends
on 1), has an exact parallel at solar wavelengths (for
non-Lambertian surfaces), where the reflected radi-
ance is not specified by the magnitude of global
irradiation but depends, e.g., on the ratio of scattered
to direct irradiation.

To avoid possible ambiguity, we define the unidirec-
tional radiance (UNR) ratio p, as the ratio of a
reflected radiance to the downwelling radiances from
a region (a cone) of the atmosphere. This ratio p; is
given as

> cos( + a){1 — exp[—7,/cos(6 + 2a)]}[1 — €(6 + o)]

pi(8) =

z cos(8 + a){l — exp[—T,/cos(6 + 2a)]}

) (A.2)

tional to 1 — exp(—0.1/cos 0). This expression
changes from 0.0952 at the zenith to 1.0 at the
horizon, i.e., by an order of magnitude. This change
means a much heavier weighing of the low emissivity
in considering reflection from a cone of impinging
radiances.

The directional emissivity €;(8) that we computed
above therefore loses its direct applicability to the
assessment of the reflection from the surface. Calcu-
lations of the radiance reflected at a zenith angle 6
must be formulated considering the distribution of
the radiances in the downwelling atmospheric flux.
As seen in Fig. 8, values of the radiances within
zenith angles 6 + 2a are involved in computing the
reflected radiance. We have to integrate (in general
integrating over a cone of downwelling radiances, but
only summing over two zenith angles in our simpli-
fied case) the products of an atmospheric radiance
and a reflectance from a facet. As we demonstrated
in the previous paragraph, in the distributions of
these products larger reflectances (at larger zenith
angles) will generally multiply higher atmospheric
radiances (again, at larger zenith angles). Thus a
possible ambiguity exists concerning the meaning of
the directional reflectance, whether it is the ratio of
the reflected radiance to the downwelling conical flux
(of all the incident radiances that contribute to this
reflected radiance) or to the downwelling radiance at
the center of the cone.
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where the summation extends in our simplistic case
over only two values of o, o = 13.1°and o = —13.1°.

Calculations of p; thus involve an assumption
about the optical thickness 7, of the downward-
emitting layer. The UNR ratios p;(0°) and p,(50°)
are computed for the two AIRS bands 10.9 and 13 pm
with values of 1, ranging from 0.05 to 0.3. In these
narrow bands the absorption by water-vapor contin-
uum predominates, with absorption at 13 pm by a
factor of ~3 higher than that at 10.6 pm.2® The
results are presented in Table 1. From the zenith
the sea-state UNR ratio p;(0°) is only insignificantly
larger than the calm-water reflectance 1 — €(0°), but
the UNR ratio p;(50°) is much larger than 1 — ¢(50°)
and significantly larger than the previously computed
(for isotropic emission, i.e., for 7, > 1.0) sea-state
reflectance 1 — €;(50°). We note that the optical
thickness 7, has an appreciable influence on the value
of the UNR ratio at 8 = 50°, which becomes signifi-
cantly larger in cases of low optical thickness 7, but it
has essentially no influence at 6 = 0°,
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